Abstract: In this study, the effect of α and β those stabilizers on the microstructure and phase transformation of cast Ti-6wt%Al-4wt%V alloy at various solution treatment temperatures was investigated. The dependence of the transformation behavior of the β phase during the solution treatment and its dependence was determined by the partitioning of α and β stabilizing elements. Solution treatments were conducted at 850 ~ 1050 ℃ for 0.5 h and, followed by water quenching. Aging treatments at 550 ℃ for 24 h were then performed. The α' martensite was transformed from the β phase when the concentration of vanadium in the β phase was less than 4.27 at%, while the metastable β phase did not transform to α' martensite when the concentration of vanadium in the β phase was over 5.14 at%.
INTRODUCTION
Ti-6Al-4V alloy has been widely used in various industrial applications because of its outstanding mechanical properties, including high specific strength, excellent high temperature strength, and good creep resistance. In particular, these unique characteristics allow the Ti-6Al-4V alloy has to be used in aerospace applications for rocket engine parts and airframe structures [1] [2] [3] [4] [5] .
However, the high cost of titanium alloys may limit their widespread use into applications. In light of this limitation, a substantial effort has been focused on the development of net-shape or near-net-shape technologies that would make titanium components more competitive [2] [3] 6] . Precision casting is one of the cost-competitive net-shape technologies for titanium alloys. The microstructure of cast Ti-6Al-4V alloy is mainly a Widmanstätten type. A Widmanstätten structure usually has a lower combination of strength and ductility than equiaxed and bimodal structures [7] [8] [9] [10] [11] [12] [13] .
Methods of improving of the mechanical properties of cast products are limited, because a lamellar structure is not *Corresponding Author: Kee-Do Woo, Jae-Hwang Kim [Tel: +82-63-270-2299, E-mail: kdwoo@jbnu.ac.kr, raykim@kitech.re.kr] Copyright ⓒ The Korean Institute of Metals and Materials changed to an equiaxed structure by heat treatment without cold or hot working [3, 14] . Therefore, the only way to optimize the properties of cast Ti-6Al-4V alloy is to reduce its lamellar spacing through heat treatment [15] .
Solution and aging treatment (STA) is a well-known heat treatment method. In cast Ti-6Al-4V alloy the β phase is transformed to the primary α phase or α' martensite by solution treatment followed by quenching. Generally, the tensile strength and the ductility of the Ti-6Al-4V alloy are increased by the transformation of the β phase to α' martensite after the solution treatment, and then by its decomposition to fine α and β phases by aging treatment, respectively [4, 16, 17] . In addition, it has been reported that the alloy morphology and lamellar spacing were barely changed by over-aging treatment at 450 to 650 ℃ for 100 h [7] . Therefore, solution treatment is significantly particularly important for controlling the microstructure.
The solution heat-treated microstructures of Ti-6Al-4V alloy are strongly dependent on the stabilizer and solution temperature [1, [18] [19] [20] . The transformation behavior of the β phase during solution treatment is dominated by the stabilizer partitioning. Aluminum and vanadium act as stabilizers for the α and β phases, respectively. The β phase is transformed to the α' martensite or metastable β phase, depending on stabilizer content.
Taking the above into consideration, this study investigated the influence of stabilizers on the microstructure and phase transformation behavior of the Ti-6Al-4V alloy under different solution treatment conditions. In particular, this study was to investigate the influence of aluminum and vanadium as α and β stabilizers on the as-quenched microstructure, and the transformation behavior of the β phase, during the solution treatment of cast Ti-6Al-4V alloy.
EXPERIMENTAL PROCEDURES
The Ti-6Al-4V alloy was fabricated by the vacuum arc to obtain various microstructures in the cast Ti-6Al-4V alloy.
After that, the solution-treated specimens were aged at 550 ℃ for 24 h (STA specimens).
The samples were polished using emery papers of 400 to 2000 mesh and alumina powders with the diameter of 0.05 µm, and followed by etching using a Kroll reagent of 1% HF, 3% HNO3, and 96% distilled H2O. consist of the primary α phase with a thickness of 1~4 µm, while the thin bright regions are β phase between the α plates.
RESULTS AND DISCUSSION
The primary α phase was formed along the β grain boundaries at decreasing temperatures, from the β transus temperature at about 990 ℃ to room temperature [3] . Thus, the area fraction of the α and β phases of the as-cast Ti-6Al-4V alloy at room temperature is about 90% α and 10% β, respectively. Table 1 shows the chemical composition of the as-cast Ti-6Al-4V
alloy. The Al and V elements diffuse into the α and β phases, respectively, during cooling. Thus, the Al content is higher than the designed Al content of at% in the α phase, while the V content is higher than the designed V content in the β phase.
The X-ray diffraction patterns of the as-cast and solution-treated specimens are shown in Fig. 2 . The α (hcp) and β (bcc) phases appeared on the diffraction pattern as shown in Fig. 2(a) . After the solution treatment, peaks of α' martensite (hcp) were observed at the same position as that of the α phase because they have the same crystal structure with and phase map (right) were confirmed by EBSD, as shown in Fig. 3 . In general, the solution treatment above 1000 ℃ followed by water quenching leads to the formation of the fully α' martensite phase, as shown in the IQ map of Fig. 3(a) and 3(b). In the IQ map in Fig. 3(c) , the primary α phase was transformed from the β phase by solution-treatment at 950 ℃ for 0.5 h. As a result, this specimen consists of a primary α phase and α' martensite.
In addition, although the β phase does not appear in the IQ maps of Fig 3(a) ~ (c) or the X-ray diffraction of its specimens, it is noticed that the β phase can be seen in the solution-treated specimens, as green color in the phase maps of Fig. 3(a) ~ (c) . Therefore, it is reasonable to think that the small amount of existed β phase around the α' martensite after the solution treatments above 950 ℃ is the retained β phase.
On the other hand, a larger number of the primary α phase and metastable β phase were observed by following solution-treatment at 900 ℃ in both the IQ and phase maps, as seen in Fig. 3(d) . The solution-treated specimen at 900 ℃ consists of both the metastable β phase, most of which did not transform to α' martensite, and α' martensite, is which had transformed from a prior β phase. However, the existence of metastable β was mainly dominant over α' martensite in the microstructure. The solution-treated specimen at 850 ℃ for 0.5 h consists of primary α and metastable β phases without α' martensite.
In the phase map of Fig. 3(e) , the larger amount of β phase is the metastable β phase which did not completely transform to α' martensite after the solution treatment due to the influence of stabilizer partitioning on the β-phase transformation. This result indicates that the transformation of the metastable β phase to α' martensite is with consistent the concentration of vanadium in the β phase.
The composition of aluminum and vanadium in the α, α', and metastable β phases after solution treatments and followed by quenching was confirmed, and is described in Table 2 . The table indicates that the at%Al (α' martensite) and at%V (α' martensite) contents at 950 to 1050 ℃ were similar.
On the other hand, the at%V(β) content increased from 4.27 at% to 6.70 at% when the solution temperature was reduced from 950 to 850 ℃, whereas the at%Al(β) content decreased.
The concentration of the stabilizers in the primary α phase is similar, regardless of the solution temperature. The transformation of the parent β phase to the α' martensite or metastable β phase is more affected by the vanadium content than that by the aluminum content in the β phase. In this study, it was confirmed that the α' martensite is formed when the at%V(β) is approximately less than 4.27 at%. However, when the at%V(β) content is over 5.14 at%, the β phase remains as the metastable β phase after solution treatment.
The β phase was not transformed to α' martensite due to the specific level of supersaturation of the stabilizer leading to a lower Ms temperature.
The change of hardness with various heat treatments is shown in Fig. 4 The hardness of the STAed Ti-6Al-4V alloy was higher than that of the as-cast Ti-6Al-4V alloy due to the fine decomposed α and β phases from α' martensite. 
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